The hypothesis that correlated neural activity is involved in the cortical representation of visual stimuli was examined by recording multi-unit activity and local field potentials from neurons with non-overlapping receptive fields in areas 17 and 18. Using coherence functions, correlations of oscillatory patterns (35-100 Hz) of neural signals were investigated under three stimulus conditions: (i) a whole field grating or a long bar moving across both receptive fields; (ii) masking the region between both receptive fields while stimulating the remaining visual field; and (iii) two separate stimuli simultaneously moving in opposite directions. Coherences of oscillations were found to be significantly higher in the first stimulus condition than in the other two conditions. Since different visual stimuli were reflected in the coherence of neural activity, we concluded that correlated neural activity is a potential candidate for coding of sensory information.
One of the basic questions in the understanding of cortical processing is what features of neural activity represent sensory stimulus events. A common view in neuroscience is that a basic element of the neural code is the firing rate of single neurons or groups of a few neurons (e.g. Barlow, 1972; Georgopoulos et al., 1988) . Experimental support for this neuron doctrine resides mainly in numerous findings that cortical neurons specifically change their firing rates in relation to particular stimulus events. A lternative approaches emphasize the activity of groups of neurons (Hebb, 1949) . In these models, the spatio-temporal firing patterns in networks of neurons (Abeles, 1982) or the signal correlations among several neurons form the basis of the neural code (Reitböck, 1983; von der Malsburg, 1983) . In contrast to the rate coding scheme, however, there is little experimental support for such a 'relational' code. If correlated activity is involved in the representation of stimuli, correlations should systematically alter in response to different stimuli. Using cross-correlation analysis for pairs of single cells, changes of correlated activity have occasionally been reported in relation to external stimulus events (Dickson and Gerstein, 1974; Frostig et al., 1983; Espinosa and Gerstein, 1988; Krüger and Aiple, 1988; Aertsen et al., 1989; A hissar and Vaadia, 1990; A hissar et al., 1992; Eggermont, 1994) . However, until recently, to our knowledge there have been no reports that correlations vary systematically with different sensory stimuli.
In the past few years the discovery of high frequency oscillatory patterns in neural activity (Eckhorn et al., 1988; provided the first experimental evidence that different visual stimuli could be ref lected in neural signal correlations. Analysis of oscillatory components of multi-unit activity and local field potentials revealed that (i) correlated oscillations occur only under certain stimulus conditions, such as slowly drifting bars or gratings and not with transient stimuli (Eckhorn et al., 1992) ; (ii) neurons with different preferred orientations are more likely to have correlated oscillations if they are stimulated with a single light bar of intermediate orientation than with two light bars optimally oriented for each neuron (Engel et al., 1991; König et al., 1993) ; and (iii) neurons with similar orientation preferences are most strongly synchronized if they are stimulated with an optimally oriented grating . In 1989 Gray et al. reported that in two cases correlations of neurons with non-overlapping receptive fields were strongest if the neurons were stimulated with a long continuous light bar. Correlations diminished if two light bars were presented which were moving in the same direction. Oscillations of the same neurons were not correlated if the two light bars moved in opposite directions. Aside from this example, however, this effect has not systematically been investigated, so the significance of this finding remains unclear.
In the present study we have further investigated the possible functional role of correlated neural activity. We recorded both local field potentials and multiunit activity from areas 17 and 18 and systematically analyzed the stimulus dependence of the synchronization of oscillatory components in the neural activity under three stimulus conditions. Each of these conditions mimicked a different viewing condition: (i) a whole-field grating drifting back and forth (single visual object); (ii) a whole-field grating which was in part masked by a narrow strip (single visual object partially hidden by another visual object); and (iii) two gratings moving simultaneously in opposite directions (two visual objects). Some of the data of the present study have appeared previously in abstract form (Brosch et al., 1993) .
Materials and Methods

Subjects
The surgery, recording technique and data analyses were as described previously . Experiments were conducted in accordance with the guidelines of the European Communities Council Directive (86/609/EEC). In brief, cats initially received an injection of atropine (30 µg/kg), xylazine (2 mg/kg) and ketamine (20 mg/kg). EKG, body temperature (38°C), expired CO2 level (3.6%) and ref lexes were continuously monitored. The animal was then intubated with a tracheal tube, paralyzed with alcuronium chloride (0.1 mg/kg/h) and artificially ventilated. After surgery, light anesthesia was maintained by ventilating the cat with halothane (0.1-0.3%) supplemented by either a 70:30 mixture of N2O/O2 or a continuous infusion of ketamine (1-2 mg/h/kg) in a Ringer-glucose solution.
Recordings
An 8 mm craniotomy was performed over either area 17 (Horsley-Clarke A2 to P7, L0.5 to L3) or area 18 (A5 to P4, around L1) and up to 10 electrodes were individually inserted into the cortex. The electrodes were arranged in a row and were separated by 330 µm to 6 mm. The electrode matrix was oriented parallel to the area 17-18 border, so that the receptive fields lay in a row parallel to the vertical meridian. This study included only recordings from neurons of the same visual area without receptive field overlap, i.e. the electrode spacing was at least 2 mm. At each recording site the minimum response field (RF; Barlow et al., 1967) and the preferred orientation of the neurons were determined by hand-held stimuli. Areas 17 and 18 were distinguished physiologically by RF size, velocity preference of the neurons and topography of RF positions (Orban et al., 1980) . For this study only recording pairs with non-overlapping RFs and similar preferred orientations (<45°difference) were considered. From each electrode neural signals in two different frequency ranges were separated. Multi-unit activity (MUA) was obtained by filtering between 1 and 10 kHz. For off-line analyses, the band-pass filtered signal was fed into a special device where it was first full-wave rectified (the negative part of the signal had its sign changed to be positive) and then low-pass filtered (cut-off frequency 120 Hz, 12 dB/octave). The MUA signal provided an amplitude-continuous measure of the instantaneous action potential frequency of neurons within a radius of ∼50 µm from the electrode tip, weighted by their amplitude (see also Legatt et al., 1980) . In contrast to conventional triggering techniques, the MUA signal also consisted of nearly simultaneously occurring action potentials. Local slow wave field potentials (LFP) were recorded in parallel with MUA from the same microelectrodes. For the LFP, the broad band signal was filtered in the range 13-120 Hz.
Visual Stimulation
Visual stimuli were presented to both eyes by superimposing the monocular RFs with a Risley prism. Stimuli were projected onto a screen in front of the cat by means of one or two slide projectors and moved by computer-controlled X-Y mirror systems. We presented either light bars with a width roughly half the RF size, or whole field gratings (30°× 45°, square wave modulated, 0.24 in area 18 and 0.48 cycles/deg in area 17). Contrast was 0.82 [(Lmax -Lmin)/(Lmax + Lmin)] and background illumination was 4 cd/m 2 . The stimulus was oriented closely to the orientation preference (difference <20°) of the neurons and moved for 3.5 s back and forth with a velocity of 4.2 deg/s in area 17. In area 18 the movement lasted for 1.7 s and the velocity was 8.4 deg/s. The resulting temporal modulation of the stimulus was 2 cycles/s in both areas. There was a pause of 2.5 s before the stimulus switched directions. We used these type of stimuli because they induced high oscillatory amplitudes in the MUA and LFP signals. With regard to discharge rates stimulus parameters were suboptimal. To examine stimulus-dependent changes in the correlations of oscillator y responses, three different stimulus conditions were tested for each recording pair ( Fig. 1A ): (i, single visual object) an elongated light bar or a whole field grating centered on both RFs; (ii, partially masked visual object) the same as (i), but with a strip of unstimulated visual field between both RFs. This was accomplished with a mask between 2 and 5°wide; and (iii, two visual objects) two separate but otherwise similar bars or gratings which simultaneously moved with the same velocity in opposite directions. The borders between the two stimuli were equi-distant from the centers of the RFs. For each stimulus condition at least 10 trials were presented.
Quantitative Analyses
Three different aspects of neural activity were analyzed quantitatively. The correlation of oscillatory activity patterns was determined from spectral coherence functions. Compared with cross-correlation functions, this method had the advantage that the similarity of oscillatory patterns is measured independently from other signal components (Papoulis, 1984) . Each of the two stimulus periods was cut into half-overlapping 256 ms segments. After subtracting the mean amplitude and multiplying with a three-term Blackman-Harris window (Harris, 1978) , complex frequency spectra and subsequently auto-and complex cross-spectra were computed for all 256 ms segments of each recording pair. Since we were interested in the correlation of oscillatory neural signals, only time segments were summed in which one or both signals of a pair exceeded a minimum amount of power in the frequency range between 35 and 80 Hz . A coherence function was then calculated by dividing the square of the average cross-spectrum by the product of the respective average auto-spectra. Since the frequency of the oscillations of different segments was varied between 35 and 80 Hz, the correlation of the oscillations was determined as the mean 4 Hz around the spectral maximum between 35 and 80 Hz. This synchronization index was at its maximal value of 1 when both signals had identical time courses. Synchronization indices of statistically independent signals were determined by calculating coherence functions of uncorrelated signal pairs with the same statistical properties. Because onset and phase of oscillations of different stimulus trials were not time-locked to the stimulus, these signal pairs could be derived by shifting one signal of a pair by one trial (Perkel et al., 1967) . Synchronization indices of shift predictors were normally distributed with a mean of 0.053 ± 0.022 for LFP and 0.020 ± 0.009 for MUA. We chose an error level of 5%, so that LFP signals >0.097 and MUA signals >0.038 were considered to be significantly correlated.
In addition to the relation of neural signal at two cortical sites, we analyzed how the statistical properties of signals at the individual sites changed with the stimulus. The mean increase in firing rate of the neurons was calculated from peri-stimulus time histograms (PSTHs) of the MUA (Fig. 1B) by dividing the mean of the PSTH during stimulus presentation (black area) by its mean during the corresponding pause (white area). The oscillatory modulation of MUA and LFP was determined from the average of at least 90 short time (256 ms) amplitude spectra for each stimulus and non-stimulus period (Fig. 1C) . Thereafter, an oscillation index was defined by the average amplitude ±4 Hz around the spectral peak in the range 35-80 Hz of the stimulus period divided by the corresponding mean without stimulation.
Results
The data of the present study were from 12 experiments, during which other paradigms were also performed. The sample consisted of a total of 65 recording pairs from the same area (44 pairs from area 17 and 21 pairs from area 18) with similar preferred orientation and non-overlapping RFs. The distance between recording sites was 2-6 mm, with an average of 4.3 ± 1.2 mm. Thirty-two pairs were tested with the three stimuli (wholefield stimulus, partially masked stimulus and two stimuli), 32 with the whole-field stimulus and the partially masked stimulus, and one pair with the whole-field stimulus and the two stimuli moving in opposite directions. Since sample sizes were different, separate statistical tests of the inf luence of the three stimulus conditions were performed on the LFP and MUA synchronization indices. As we analyzed the direction of change in correlations in the different stimulus conditions, pairs with different RF distances (and thus different absolute synchronization indices) were pooled for statistical tests. The small number of cases did not allow additional analyses for area 18. Thus tests were performed on the combined sample of both areas and on area 17 alone. Figure 1 illustrates the inf luence of different stimuli on the correlations of oscillatory neural activity in cortical area 18. In this example, neurons were most strongly correlated when both neurons were stimulated with a single whole-field grating. When a mask was introduced which occluded the visual field between the RFs, correlations were attenuated for both the MUA and LFP signals. Correlations also decreased when two stimuli moving in opposite directions were presented. In addition to the relation of the neural signals at both cortical sites, we analyzed how the oscillatory modulation of the MUA signals and the mean firing rates at the individual sites varied with visual stimulation. Amplitude spectra reveal that for the two neural groups, oscillation indices of the whole-field grating were similar to those of the partially masked stimulus and of the two stimuli. Likewise, only small differences were present in the mean increase in firing rate. This example thus indicates that changes in the correlation of oscillatory neural responses with different visual stimuli could be independent of changes in the oscillatory modulation or the response strength of neural activity.
Whole-field Stimulus versus Partially Masked Stimulus
The synchronization indices of 64 pairs for the whole-field stimulus and for the partially masked stimulus are displayed in Figure 2 . Among these pairs, 67% had a significant LFP synchronization index in either stimulus condition. For them, masking the visual field between the two RFs significantly reduced the LFP synchronization index (Wilcoxon test, n = 43, Z = -4.71, P < 0.001). Analysis of the area 17 sample confirmed this result (n = 35, Z = -4.75, P < 0.001). The LFP synchronization index decreased, on average, by 72% from 0.22 ± 0.10 to 0.15 ± 0.15. Only 28% of the MUA pairs were significantly correlated in one or both stimulus conditions, and could thus be used to compare the correlations in both conditions. Similar to the LFP, masking of the visual field between the two RFs significantly reduced the MUA synchronization index (n = 20, Z = -1.997, P = 0.046). In contrast, analysis of the average firing rates and the oscillatory modulation at the individual recording sites revealed no difference between the two stimulus conditions. The mean increase in firing rate for the unmasked stimulus condition (4.9 ± 2.8) was not significantly different from the respective value for the masked stimulus (4.8 ± 2.9; Z = -0.123, P = 0.902). Oscillation indices were also not significantly different (1.28 ± 0.28 for unmasked stimulus and 1.24 ± 0.28 for masked stimulus; Z = -0.193, P = 0.701).
For a single pair, the inf luence of different masking widths was examined. In this case, the LFP synchronization index dropped from 0.37 for a single bar to 0.31 for a mask of 3°width. No further decrease was observed for a mask of 5°width. The MUA synchronization index decreased with increasing masking width as well. Without the mask, the MUA synchronization index Figure 1 . Example of changes in correlations of oscillatory neural responses under different stimulus conditions. Recordings of MUA and LFP from two locations (1, 2) in area 18. Stimuli (upper row) were either a single, whole field grating (spatial frequency 0.24 cycles/deg) moving at 8.4 deg/s (left column); a grating partially masked in the region between the RFs (middle column); or two gratings moving in opposite directions (right column). For both recording sites, the PSTHs of 17 stimulus repetitions are shown in the second row. Stimulus driven and undriven MUA are indicated by the black and white area respectively. White numbers give the mean increase in firing rate. In the third row, amplitude spectra of MUA are displayed during (black area) and without visual stimulation (thin line). White numbers stand for the oscillation index. Cross-correlation functions between the MUA and LFP signals at the two recording sites are shown in the bottom row. Numbers in the upper left corner of each panel denote the maximum of the normalized cross-correlogram. was 0.19; it dropped to 0.12 for a mask 3°wide and to 0.07 for a mask 5° wide.
Whole-field Stimulus versus Two Stimuli
Compared with the whole field stimulus, correlation of oscillatory neural responses was attenuated when two stimuli were presented (Fig. 3) . Out of a total of 33 pairs, 25 pairs (76%) had a significant LFP synchronization index in one or both stimulus conditions. The LFP synchronization index decreased, on average, by 71% from 0.20 ± 0.12 with the whole field stimulus to 0.15 ± 0.11 with the two stimuli. The difference was significant for both the combined sample (n = 25, Z = -4.17, P < 0.001) and the area 17 sample (n = 21, Z = -4.01, P < 0.001). The effect of the stimulus seemed stronger for the MUA signal. We could not, however, determine the statistical significance of the MUA results because only nine pairs could be analyzed. One pair had significantly correlated MUA when two stimuli moved in opposite directions (this example is displayed in Fig. 1 ) while eight pairs were significantly correlated with the single stimulus. Again, no differences were found in the neural activity of the individual recordings sites. The mean increase in firing rate was 4.7 ± 3.0 for the the single stimulus and 4.5 ± 2.7 for the two stimuli (n = 33, Z = -1.5, P = 0.14). The oscillation indices for the MUA recordings were 1.24 ± 0.37 for the single stimulus and 1.17 ± 0.25 for the two stimuli (n = 33, Z = -1.36, P = 0.18).
Partially Masked Stimulus versus Two Stimuli
Thirty-two pairs were tested with the two stimuli and the partially masked stimulus of which 17 pairs had a significant LFP synchronization index in either stimulus condition (Fig. 4) . Of these, 11 had a higher synchronization index if the two stimuli moved in the same direction, while in six pairs the opposite was found. The average LFP synchronization index dropped slightly from 0.19 ± 0.12 (two stimuli moving in phase) to 0.17 ± 0.12 (two stimuli moving anti-phase). The difference was not significant for the whole sample (Z = -1.68, P = 0.093) but was for area 17 (n = 13, Z = -2.31, P < 0.02). Four out of 32 pairs had a significant MUA synchronization index in either of the two stimulus conditions. Three of these were significantly correlated only if the two stimuli moved into the same direction. In one case, MUA synchronization indices were equal in both stimulus conditions.
For a direct comparison between the three stimulus conditions we selected a sample in which a significant LFP synchronization index was found in at least one of the three conditions. For these 24 cases, the LFP synchronization index was 0.20 ± 0.13 with the whole field stimulus, 0.15 ± 0.12 for the partially masked stimulus and 0.14 ± 0.11 for the two stimuli.
The temporal relation of oscillations was assessed from the cross-correlation peak of each recording pair. For the LFP signals, the phase shift of the oscillations was distributed, on average, around zero. The temporal relation of oscillations did not change when the three stimulus conditions were compared. For the MUA recordings the phase relationship of oscillations was not analyzed systematically, because the MUA correlations were weak or often not significant.
Discussion
We systematically studied stimulus-dependent changes in the correlation of oscillatory neural activity. Correlation was the highest if neurons with non-overlapping RFs were stimulated with a single stimulus. It was weaker if parts of the stimulus were occluded or if two stimuli were presented.
Our analysis was performed on pairs of local neural groups with non-overlapping RFs. As found previously (Engel et al., 1990; Brosch et al., 1995) , signal correlations between such pairs were generally weak and frequently not significant. Incidence and strength of correlation depended on the type of neural signal under consideration (e.g. Eckhorn et al., 1988) . Correlation was rare and low if discharges of single neurons were analyzed. Prevalence and strength was higher for MUA and was even higher for LFP. Thus, stimulus-dependent changes in the correlation of local neural group activity could most effectively be analyzed with LFP. When MUA was considered, only about one-quarter of the pairs had significantly correlated MUA oscillations in one or more stimulus conditions, which markedly reduced the effective sample size. Furthermore, correlations of these pairs were weak and in some cases only slightly above the significance level. Therefore possible inf luences of the visual stimulation had to take place within the variability of the correlations between oscillations due to other factors. These factors explain why the stimulus dependence of the correlation of local neural group activity was not as strong for MUA as it was for LFP. In addition, it could be the reason why Gray and co-workers (1989) reported only two cases which were tested with a similar stimulus paradigm.
The changes in signal correlations were obser ved in two different types of neural signals which ref lect different aspects of local neural group activity. LFP are usually associated with the dendritic potentials in the vicinity of the electrode tip (Elul, 1972) . The half-decay distance for volume conduction was estimated to be in the range of a few hundred micrometers for the frequency range analyzed here (Engel et al., 1990; Eckhorn et al., 1992) . Within this volume the electrical fields of many neural elements superimpose. Thus only the synchronized components remained while the desynchronized components were canceled out. The results of this study showed that the degree of synchrony of the LFP varied only gradually among the set of visual stimuli we presented. When two stimuli were presented or when a mask was introduced between the RFs, the LFP synchronization index decreased, on average, to ∼70% of the value found with the whole field stimulation. The difference in LFP synchrony was smaller but still significant for the former two stimulus conditions.
The MUA signal ref lected the net discharge activity of all neurons within a radius of ∼50 µm around the electrode tip. Thus, neurons with large action potentials and nearby neurons contributed most strongly to the MUA signal. As shown previously (Eckhorn and Obermüller, 1993) , the majority of well isolated, presumably pyramidal cells of a local neural cluster participated in the MUA oscillations.
The MUA results of the present study were statistically just above significance level or the effective sample size was too small for statistical testing. Their significance, however, was increased by the LFP findings to which they were qualitatively similar. Alteration of the correlation of a pair of MUA recordings indicates that the average synchronization of pairs of single neurons in the two local clusters changed with the type of visual stimulation. When the partially masked and the whole-field stimulus were compared, the difference in the MUA synchro- Figure 2 apply. There was a trend that the LFP synchronization index was higher if parts of the visual field were occluded compared with the condition if two separate stimuli were presented (n = 17, Z = -1.68, P = 0.093) Due to the small number of significantly correlated MUA pairs (n = 4), no figure was compiled.
nization index could be explained both by changes in the number of synchronized single neurons and by changes in the degree of synchronization of individual neurons across two clusters. The moderate difference in the MUA synchronization index, however, indicates that correlations of most neural pairs probably were unaffected when the stimulus was changed. For the other comparison (two different stimuli versus one stimulus), the data from the present study do not indicate clearly if the MUA correlation completely disappeared when two stimuli moving in opposite directions were presented. The MUA synchronization indices were just above significance level with the whole-field stimulus. Thus, decreases of neural correlation could only result in non-significant MUA synchronization indices. LFP data, however, indicated that the neural signals of two local neural groups could still be correlated when the two stimuli were presented.
Stimulus-dependent changes of correlated oscillatory activity have previously been studied systematically. These reports agree that the synchrony of oscillatory neural activity varied gradually in many stimulus situations, while transitions between correlated and non-correlated states seemed to be infrequent. If such changes were observed, correlations changed from just above the significance level with one stimulus to below significance with another stimulus. In a related study on cortical areas 17 and 18, the authors found a 'correlation tuning' for the discharges of neurons with similar preferred orientation . If neurons were stimulated with an optimally oriented grating, their correlation was higher than if the stimulus was orthogonal to the preferred orientation of the neurons. Engel, König and colleagues (Engel et al., 1991; König et al., 1993) tested neurons with different orientation preferences and overlapping receptive fields in two stimulus conditions: two light bars, each optimally oriented for the neurons and a single bar of intermediate orientation. They reported that the correlation of the oscillatory MUA components was diminished or disappeared completely in 14 out of 22 cases when two stimuli were presented. In the remaining 36% of the cases either no effect or even an increase in correlations was observed.
The goal of the present study was to investigate the hypothesis that correlated activity is involved in the representation of sensory stimuli (Reitböck, 1983; von der Malsburg, 1983) . If correlated activity provides such a code, signal correlations between neurons should vary with different visual stimuli. Most experimental support for this hypothesis comes from systematic studies of a particular temporal pattern in neural activity, namely high-frequency oscillations (Engel et al., 1991; Eckhorn et al., 1992; Brosch et al., 1995) . For other types of neural activity, stimulus-related modulations of correlated activity have only occasionally been reported in different cortical areas (Dickson and Gerstein, 1974; Frostig et al., 1983; Espinosa and Gerstein, 1988; Krüger and Aiple, 1988; Aertsen et al., 1989; A hissar and Vaadia, 1990; A hissar et al., 1992; Eggermont, 1994; Vaadia et al., 1995) .
Our findings corroborate and extend previous reports on stimulus-dependent changes in correlated activity (Engel et al., 1991; König et al., 1993; Brosch et al., 1995) . Analysis of LFP and MUA revealed that different stimuli were ref lected by different correlation strengths of groups of neurons in visual areas 17 and 18. Correlations of oscillatory activity patterns were the highest when a single visual object was presented and were weaker when the visual object was partially masked or when two objects were present. That is, the relation of stimulus features at different locations in the visual field was partially but not solely ref lected in the signal correlation of neural groups at different cortical sites. In contrast to previous studies on high-frequency oscillations, the changes in correlation were not associated with concomitant changes in the mean firing rate of the neurons or in their oscillatory modulation. Thus for the three measures of the activity of neurons, different visual stimuli could be discriminated based entirely on the correlation of oscillatory activity but not on changes in either the mean firing rate or in the oscillatory modulation of local neural groups. Therefore, our findings indicate that correlated activity could provide an independent coding mechanism which, in addition to other aspects of neural activity, underlies the cortical representation of sensory stimuli.
